Contact, a new zebrafish transforming growth factor-/3 (TGF-/3) member is most closely related to mouse GDF5 and to human CDMP-1 responsible, when mutated, for limb brachypodism phenotype and Hunter-Thompson syndrome, respectively. Contact exhibits a dynamic spatial expression pattern in the pharyngeal arches and the pectoral fin buds that much prefigures cartilage formation. Within the fin buds, contact expression is detected in the proximal mesenchyme from which the endoskeleton will develop. Exogeneously applied retinoic acid (RA) induces duplication of the pectoral fin rudiment in zebrafish embryos as well as contact expression along the proximal margin of the fin mesenchyme showing that both endoskeleton and exoskeleton can be duplicated. © 1997 Elsevier Science Ireland Ltd.
Introduction
Members of the decapentaplegic-Vgl-related (DVR) group are involved in the patterning of the vertebrate skeleton, including formation of the rough outlines of future skeletal elements (mesenchymal condensation) and subsequent differentiation and modelling of the skeleton pattern, including control of the size, shape and number of condensations. The overall form and pattern of the vertebrate skeleton is likely built from the composite patterns of activity of different members of this family. BMPs were originally purified from adult bones, based on their remarkable ability to trigger the entire sequence of condensation, cartilage differentiation and bone formation when implanted at ectopic sites in animals (reviewed by Kingsley, 1994) . The patterns of expression of a number of different transforming growth factor (TGF) /3-like genes suggest that they are involved in controlling chondrogenesis (Kingsley, 1994;  and reviewed by Hogan, 1996) . BMPs were reported to control both chondrocyte growth and differentiation * Corresponding author. Tel.: +33 01 44323978; fax: +33 01 44323988. through modulation of the relative expression of cartilage matrix proteins (Ballock et al., 1993) and the position and modelling of skeletal elements by controlling interdigital cell death (Gafian et al., 1996; Yokouchi et al., 1996) . In the developing limb, BMPs and BMP signalling pathway (Kawagami et al., 1996) can promote cartilage differentiation in vitro (BMP-2; Roark and Greer, 1994) or in vivo (BMP-2, BMP-4; Duprez et al., 1996; Hogan, 1996) . In addition, the unique functions of each factor in skeletal development are demonstrated in mice and humans with mutations in genes of the TGF-/3 superfamily. Mutations in Bmp-5 result in the mouse short ear phenotype (Hogan, 1996) and growth and differentiation mutations have been shown to be responsible for brachypodism in mice (Storm et al., 1994) . Mutations in the human cartilage-derived morphogenetic protein-1 (CDMP-1) gene have been associated with Hunter-Thompson type chondrodysplasia (Thomas et al., 1996) .
Branchial arches and limb buds are outgrowths from the body of the embryo and may share parallels in the way their anterior-posterior (A-P), dorsal-ventral (D-V), and proximal-distal (P-D) axes are established and maintained (Richman and Tickle, 1992) . Expression of Bmps in both the limb and the facial primordia have been described for Bmp-2, in mouse and chick embryos (FrancisWest et al., 1994; Hogan, 1996 ; reviewed in Cohn and Tickle, 1996) . BMP members were reported to be involved in the establishment of the A-P axis in the developing mouse and chick limb (Cohn and Tickle, 1996) .
Embryonic limb bud formation is initiated by the lateral plate mesenchyme. Limbs develop along three axes (A-P, D-V and P-D). Outgrowth depends on a signal from cells at the limb bud distal tip, the apical ectodermal ridge (AER). Signals from ectoderm influences D-V patterning, and a polarizing signal produced in posterior mesenchyme and proximal to the AER, the zone of polarizing activity (ZPA), affects A-P patterning (Cohn and Tickle, 1996) . Members of the FGF (fibroblast growth factor) family can substitute for the AER activity (Cohn and Tickle, 1996) . When the ZPA is transplanted to the anterior margin of chick limb buds, limbs develop with mirror-image duplication of the bony pattern. Sonic hedgehog protein (Shh), encoded by a homologue of the segment polarity gene hedgehog in Drosophila, can mimic and is believed to partly mediate the signalling properties of the ZPA (Chang et al., 1994a; Cohn and Tickle, 1996; Hogan, 1996) . All three axes are intimately linked by the respective signals Wnt-7a (dorsal ectoderm), FGF-4 (ridge) and Shh (posterior mesenchyme) during limb outgrowth and patterning (Niswander and Martin, 1992; Diaz-Benjumea et al., 1994; Cohn and Tickle, 1996; Grieshammer et al., 1996) . The co-ordinate activity of all these factors is required for normal growth and patterning of the limbs (Cohn and Tickle, 1996) .
The tetrapod forelimb is presumed to have evolved from the pectoral fin of early bony fish. In zebrafish, at the end of somitogenesis (24 hpf), pectoral fin primordia are visible as patches of cells within the lateral plate mesoderm in a proliferative and undifferentiated state. From 26 to 28 hpf, these proliferating cells will generate outgrowing fin buds distally overlaid by a transient ectodermal layer which will subsequently fold on itself and elongate (Sordino et al., 1995) . By comparison with limbs, fin bud outgrowth ceases earlier; mesenchymal proliferation finishes as the apical fin bud ectoderm transforms into a protruding fold, enclosing the developing dermal rays (reviewed by Coates, 1995) . Although fish fins are thought to have at least transiently an apical ectodermal ridge (AER) (Wood, 1982) , the structure analogue to the ZPA has not been established. However, in zebrafish, cells at the posterior margin of the pectoral fin buds, a position corresponding to that of the ZPA, express the shh orthologue (Krauss et al., 1993) .
Retinoic acid (RA), the active derivative of vitamin A, plays an important morphogenetic role in several systems of the developing embryo (reviewed by Gudas et al., 1994) . Of the tissues affected by exogenous RA during pattern formation, the limb is by far the most studied (Tickle, 1991) . In the developing chick wing bud, for instance, local application of RA under the anterior margin results in mirror image duplication of the digits (reviewed by Tabin, 1991) . In these experiments, RA mimics the action of the ZPA in inducing the formation of antero-posterior duplicates in the chick limb bud. RA converts anterior cells into ZPA cells (Tabin, 1991) and is thought to participate in the establishment of the endogenous ZPA (Helms et al., 1996) , probably together with Shh (Ogura et al., 1996) . In zebrafish, brief treatment with RA before the budding of the pectoral fin was reported to cause abnormal development of fin buds accompanied by mirror-image duplication of shh in the anterior margin (Akimenko and Ekker, 1995) .
In a search for zebrafish members of the TGF-/3 superfamily, we identified a new member, contact, which shares the highest homology with the mouse GDF5 gene and the human CDMP-1 gene. Contact transcripts are detected in both the developing head and pectoral fins. Contact might be involved in the patterning of the proximal region of the developing fin. To investigate the regulation of contact, we performed RA administration on embryos and demonstrated for the first time that RA can promote mirror-image duplications of pectoral fin buds, comparable to the ones observed for the tetrapod limb. Both in the forming head and pectoral fin buds, the contact expression pattern much prefigures skeletal formation. Contact potential function is discussed in terms of homology with GDF5 and CDMP-1.
Results

Isolation and sequence analysis of contact clone
We screened a genomic library prepared from zebrafish adults with a probe corresponding to the C-terminus of the Radar protein (Rissi et al., 1995) . The screening of 1.4 x 106 pfu representing approximately eight genomes yielded 80 positive clones suggesting that around 10 radar-related genes are present within the haploid zebrafish genome. Half of the positive clones were subjected to a PCR with degenerated oligonucleotides nested to the C-terminal region of dynamo/radar. Sequencing of the PCR products showed that clones belonged to three groups, corresponding to radar, dynamo and a new member, suggesting that only two radar-related genes are present within the haploid zebrafish genome (unpublished data).
Among the positive clones, contact was selected for further analysis by restriction and Southern blot hybridization. A positive 2.5 kb SacI fragment was subcloned into a pBluescript SK vector and sequenced (Fig. 1 ). An open reading frame of 257 aa long was found starting at position 1 bp and ending at position 771 bp. Contact predicted protein exhibits features typical of TGF-/3 related peptides including a potential processing site, RRMRR at positions 135-139 aa, conforming to the consensus site RXXR described for other TGF-/3 related proteins and an 118-amino acids C-terminal peptide including seven cysteines conserved within most TGF-/3 superfamily members. In the parallel to the endogenous one demonstrating that both dermal skeleton and endoskeleton are duplicated. Moreover, endogenous and ectopic contact domains were detected in different planes suggesting that contact expression is duplicated as a mirror-image along the D-V axis. Taken together, these results give molecular evidence that RA treatment in fish embryos can affect all three axis (A-P, P-D and D-V) as it has been described in the regenerating amphibian limb (Maden, 1993) .
The late phase of contact expression and modelling of branchial and pectoral skeleton
During the late phase of contact expression, after the arches have become distinct structures, stained domains are actually not within the cartilage cells, which have already begun differentiation by that time, but in the periphery, a region that most certainly corresponds to the perichondrium. The perichondrium, a special stem cell-like layer which serves as a source of cells for appositional growth of cartilage (Ham, 1987) , is believed to play a major role in the regulation of the rate of endochondral ossification critical to bone morphogenesis (Vortkamp et al., 1996) . Perichondrial expression is a common site for the last six pharyngeal arches during the late phase of contact expression (Fig. 5B ). Previous workers have suggested that differential activation in the perichondrium along the surface of the cartilage may be an important determinant of the detailed sizes and shapes of cartilage and bone elements by preventing premature ossification of the cartilage (Kingsley, 1994 ) and analysis of mouse mutants are supportive of this hypothesis (Kingsley, 1994; Storm and Kingsley, 1996) . The study of the expression pattern taken together with the fact that contact must encode a diffusible protein, led us to suggest that contact product plays a role in the maintenance of a stem population for further growth during endochondral ossification and is required for lineage compartments during skeletogenesis of zebrafish development.
Contact in skeletal development and putative function homology with GDF5 and CDMP-1
A question of interest in studying the structure, expression pattern, and function of putative homologues is the extent of functional similarity or biologically disparate functions. Three sets of evidence support our hypothesis that contact is the homologue of the mouse GDF5 and human CDMP-1 genes. First, contact and GDF51CDMP-1 factors share highly similar mature products (92%) corresponding to a percentage commonly found for homologues (Hogan, 1996) . Second, when examining the percent amino acid sequence identity between pre-pro-region of contact and that of GDF group members, 58/59% similarity is found between Contact and GDF5/CDMP-1 (Fig. 3B) ; comparable scores were previously reported for presumptive zebrafish BMP-2 and BMP-4 compared to human and mouse counterparts (Nikaido et al., 1997) . Third, contact and GDF5/CDMP-1 are expressed in the forming limb, Moreover, GDF5 transcripts are detected both in distal precartilaginous mesenchymal condensations and in the perichondrium of the limbs (Storm et al., 1994) , sites of expression that are shared with contact in the branchial arches. This observation suggests that a comparable role in the process of skeletogenesis is achieved by both genes. However, contact and GDF5/CDMP-1 sites of expression themselves may not be readily comparable, but the role in a morphogenetic process involved in skeletogenesis can be compared. In bp mice, no head skeletal defects have been reported and Hunter-Thompson affected persons display a normal facial skeleton suggesting that either GDF5/CDMP-1 have lost or acquired a new function during head skeletal development or that closely related molecules can have overlapping functions as it is suggested for bp mouse which do not exhibit homogenous alteration of joints (Storm and Kingsley, 1996) .
The current study suggests that orthologue members in mammals and fish still share common roles in interactions leading to the differentiation of chondrocytes and the making of a cartilage shape. This function must require a distinct set of cellular responses within a skeletal condensation, presumably including changes in both cell adhesion and programmed cell death. Further study of the regulation and cellular responses to contact may help identify some of the molecular events that control patterning of skeletal development. Contact expression in the embryo should provide useful reference points for the phenotypic analysis of zebrafish mutants recently identified (Neuhauss et al., 1996; Piotrowski et al., 1996; van Eeden et al., 1996) , particularly those with simultaneous defects in pharyngeal arches and pectoral fins .
Experimental procedures
Fish stocks
Breeding fish were maintained at 28.5°C. Embryos were collected by natural spawning and staged for up to 4 days after fertilization according to Westerfield (1994) . Laboratory strain (C32) fish were obtained from C. Kimmel. Embryos were bred in 0.2 mM phenylthiocarbamide (PTC) (Sigma) to inhibit pigment formation.
Isolation of contact genomic clone
A zebrafish adult genomic library (Stratagene) was screened with a 383 bp PstI cDNA fragment from plasmid RI-1 (Rissi et al., 1995) under low stringency conditions as described by Rissi et al. (1995) . A 16 kbp clone was isolated and a SacI fragment of 2.5 kbp, contact, was subcloned and sequenced with Sequenase Version 2.1 dideoxynucleotide sequencing kit (USB). Contact sequence has been submit-ted to the EMBL Database Library, accesion number is Y12005.
In situ hybridization
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Whole-mount in situ hybridizations were carried out as described by Hauptmann and Gerster (1994) . The 665 bp long PstI fragment from the contact clone comprising only coding sequence was subcloned into pBluescript KS vector. Contact sense and antisense RNA probes were prepared from this latter construction and used for in situ hybridizations. The Shh antisense RNA probe was synthesized from the full length cDNA (Krauss et al., 1993) .
Alcian Blue staining
For skeletal preparation, we followed a modified version of the method of Ojeda et al. (1970) using Alcian Blue (Sigma), a dye that stains the extracellular matrix associated with chondrocytes. Anaesthetized 4-day-old larvae were fixed in ethanol for several hours, then rinsed in an 80% ethanol/20% glacial acid acetic and subsequently transferred into a 0.1% solution of Alcian Blue dissolved in 80% ethanol/20% glacial acid acetic. After staining in this solution overnight, embryos were rinsed several times in 80% ethanol/20% glacial acid acetic, and then in ethanol. The specimens were then photographed with a Leica microscope.
Histological analysis and photographs
Whole-mounted embryos were embedded in paraffin and sectioned (5/~m) as described by Rissi et al. (1995) . Pectoral fin buds were dissected for the photographs. Photographs of both whole-mounted embryos and sections were taken on a Leica microscope with Nomarsky optics.
RA treatment
For treatment of embryos, trans-RA (Sigma) was dissolved in 0.5% dimethyl sulfoxide (DMSO) at a final concentration of 10 -6 M. Embryos raised in 0.2 mM PTC were dechorionated manually and transferred to the RA solution for a period of 2 h starting at 24 hpf. After treatment, embryos were washed extensively with embryo medium. Controls were incubated in 0.5% DMSO for the same period of time. 3' UTR region, a putative polyadenylation site is found in positions 948-953 bp.
A sequence homology search of the EMBL data library confirmed that the conceptual Contact protein is a member of the TGF-/3 superfamily. The highest degree of homology was found within the C-terminal peptide. Alignment of this domain, starting with the first conserved cysteine residue, with the equivalent region from most related members of the family is presented in Fig. 2 . Contact belongs to a subgroup of the DVR subfamily, arbitrarily called the GDF group (see Fig. 2 ), that includes zebrafish Radar (Rissi et al., 1995) and Dynamo (Bruneau and Rosa, 1997) , human CDMP-1, bovine CDMP-2 (Chang et al., 1994b) and mouse GDF5-7 (Storm et al., 1994) . Members of this subgroup show the lowest similarity (81%) between each other with respect to their C-terminal domain (Fig. 2) . They share much lower similarity, between 50 and 54%, with the BMP members of the DVR subfamily. Contact C-terminal peptide is most closely related to GDF5 and CDMP-1 with a similarity level of 91%, to a lesser extent to GDF6 (89%) and Radar (88%), and least with GDF7 (83%) and Dynamo (81%) (Fig.  2) . The phylogenetic tree suggests that Contact could be the homologue of mouse GDF5 and human CDMP-1. For comparison, mouse GDF6 is 96% similar to bovine CDMP-2 and mouse GDF5 is identical to human CDMP-1; they may be true homologues, respectively. The alignment of the partial N-terminal domain of Contact with those of the closest proteins when available is presented in Fig. 3A . Contact Nterminal domain is most closely related to those of GDF5 and CDMP-1 (58 and 59%, respectively) and to a much lower extent to the two zebrafish, Dynamo and Radar (24%), and the bovine CDMP-2 (20%). Thus, contact is very likely to be the zebrafish homologue of mouse GDF5 and human CDMP-1.
Expression pattern of contact during development
We analyzed the spatial and temporal expression of con- GDF5 is considered to be the mouse homologue of the human CDMP-1 gene, and the two proteins are included to indicate the degree of conservation exhibited by species homologues (Chang et al., 1994b ; reviewed by Hogan, 1996) . tact mRNA by in situ hybridization on whole zebrafish embryos at different stages of development, ranging from fertilization to 4 days of development. The Contact probes used were digoxigenin-labelled antisense and sense RNA made from the 665 bp long PstI fragment encoding most of the ORF (see Fig. 1 ) and subcloned into pBluescript KS vector. We also performed double in situ hybridizations with the shh probe (Krauss et al., 1993) . No hybridization was detected with the sense contact RNA probe. Complementary studies using sections of paraffin-embedded labelled embryos were used to define the tissues expressing contact.
I
Contact transcripts were only detected after the segmentation stage around 40 h after fertilization (hpf) in the developing pectoral fins and head. Embryos at the segmentation stage were subsequently bred in a medium containing phenylthiocarbamide (PTC) to prevent formation of pigment cells allowing an easier analysis of the expression pattern. We also performed control in situ hybridizations on embryos raised in a classical medium and hybridization domains were identical to those obtained for PTC treated embryos.
Distribution of contact transcripts in the developing pectoral fin buds
Pectoral fin primordia were visible slightly after the end of somitogenesis (28 hpf) as groups of cells within the lateral plate mesoderm on both sides of the trunk. The first appearance of contact was around 40 hpf, when the fin outgrowth was well underway in a diffuse region in the mesenchyme of the bud (data not shown). At the high-pec stage (46 hpf), contact expression had displayed a rapid restriction to an antero-proximal discrete square of stain in the rudiments of the pectoral fin buds (Fig. 4A,B) . At corresponding stages, we performed a one-colour, double in situ hybridization with an shh antisense RNA probe to help define the contact expression domain. Shh expression was detected in a triangular domain within the posterior mesenchyme of the pectoral buds (Fig. 4B) . The contact and shh domains of labelling were exclusive to each other, demonstrating that contact transcripts were restricted to the anterior mesenchyme at this stage (Fig. 4A,B) . At later stages (60 hpf), the contact signal had extended posteriorly and was restricted to the proximal margin of the devet- oping fin (Fig. 4C) . This stage corresponded to the pec-fin stage when actinotrichia (unsegmented collagenous fin rays which would be replaced more proximally by the lepidotrichia, the definitive segmented bony fin rays) were visible by Nomarsky optics in the fin fold. We performed transverse cross sections of contact-labelled embryos and found contact transcripts restricted to the ventral proximal mesenchyme of the fin buds (Fig. 4D) . Subsequently, contact expression was maintained along the proximal margin of the fin buds. At the early larval stage (90 hpf), while the contact signal was still intense (Fig. 4E) , the shh hybridization signal was fading in the posterior mesenchyme of the fin buds (Fig. 4F) . Contact expression domain was proximal to the forming lepidotrichia and formed in its most posterior region an open V form that may have overlapped the more distal shh expression domain (Fig. 4E,F) . In the proximal part of the rudiment, differentiation of cartilage corresponded to the development of the fin supporting girdles which was well underway by 4 days of development (data not shown).
Distribution of contact transcripts in the developing head
In zebrafish, the two anterior most pharyngeal arches, the mandibular and hyoid arches, form the jaw and associated supportive apparatus, respectively, and are distinct from the five more posterior arches, collectively termed branchial arches. In fish, but not necessarily in tetrapod species that do not develop gills, the branchial arch and pharyngeal arch numbering system differs. By convention, branchial arch 1 is the same as pharyngeal arch 3.
Contact transcripts were first detected in the developing head around 40 hpf. At 60 hpf, cartilages were differentiating in the mandibular and hyoid arches. Contact transcripts were detected in the trabeculae and the ethmoid plate of the anterior neurocranium. In the viscerocranium, contact transcripts were detected in posterior elements, the palatoquadrate and the hyosymplectic cartilages which are both dorsal elements of the mandibular and hyoid arches, respectively (Fig. 5A) . Contact was also expressed in the ventrolateral paired cartilages of the hyoid arch, the ceratohyals. At the protruding-month stage (72 hpf), contact transcripts were still detected in the trabeculae and the ethmoid plate of the neurocranium. In the viscerocranium, contact transcripts were still absent from the ventral element of the mandibular arch, the Meckel's cartilage but were present in the dorsal elements of the mandibular and hyoid arches, the palatoquadrate and the hyosymplectic cartilages, respectively (Fig.  5B) . Two novel domains of expression were observed in the interhyal cartilages, a small segment that articulated with the ceratohyal and the hyosymplectic elements and, the basihyal, the ventral unpaired cartilage of the hyoid arch (Fig. 5B) . Interestingly, in the last six pharyngeal arches corresponding to the hyoid arch and the five branchial arches, contact staining was faint or undetectable in the differentiating cartilages themselves but strong in the surrounding cells, in two rows of cells surrounding each differentiating cartilage, the perichondrium (close-up, down on the right of Fig. 5B ). The series of ceratobranchial cartilages did not develop synchronously. Particularly, ceratobranchial 5, the last cartilage of the series was further developed than the ceratobranchial 4 at the same stage (Kimmel et al., 1995) . Interestingly, contact staining seemed to follow the same gradient of differentiation as it was stronger in cells surrounding the ceratobranchial 5 compared to the ceratobranchial 4, respectively (Fig. 5B, closeup) . As the development proceeded, head elements stretched towards the anterior end of the embryo, so that cartilages were easily recognizable as they were well separated from each other. To examine the cartilages of the head, 4-day-old embryos were treated with Alcian Blue which stains cartilaginous structures. Staining shows the seven pharyngeal arches, i.e. the two jaw arches (mandibular and hyoid) and the five branchial arches (Fig. 5C ).
Ectopic activation of contact gene expression by RA
Implantation of beads soaked in RA to the anterior margin of the chick limb buds induces the formation of an ectopic ZPA, causes duplication of the shh pattern of expression (Riddle et al., 1993) , and results in digit duplication (Tabin, 1991) . Although fish fins are thought to have an apical ectodermal ridge (AER) (Wood, 1982) , the existence of a structure analogous to the ZPA in fish fins has not been established. The fish fin endoskeleton is very reduced and exhibits a less obvious asymmetry along its A-P axis compared to that of the chick wing. Shh has been identified as a candidate for the signal mediating the polarizing activity of the ZPA (Cohn and Tickle, 1996) . The zebrafish shh gene is expressed in the posterior mesenchyme of the developing pectoral fin buds (Krauss et al. (1993) and our observations in Fig. 4B,F and Fig. 6F ). Systemic administration of RA to zebrafish embryos during budding of the pectoral fin resulted in the duplication of the shh expression pattern suggesting that RA can induce an ectopic ZPA (Akimenko and Ekker, 1995) . We examined whether application of retinoic acid could activate contact expression and, if so, how this activation compared to that of shh. Embryos of 24 hpf were raised for 2 h in a medium containing 10 -6 M trans-RA in 0.5% DMSO. Control embryos were incubated in 0.5% DMSO for the same period of time (Fig. 6A) . Interestingly, RA-treated embryos exhibited duplicated pectoral fin buds (Fig. 6B) . The effects of RA were not limited to pectoral fin buds; indeed treated embryos showed abnormal development of the head, microphthalmia and swelling of the heart cavity (Fig. 6B) . Duplicated fins appear morphologically normal, although the fin bud base of duplicated fins is always thickened and the duplicated bud appears developmentally delayed compared to the control (Fig. 6C) . This observation might be due to a general delay of development observed in RA-treated compared to control embryos and/or The left eye has been removed to permit the view of contact-labelled neurocraulum elements, the trabeculae (t) and the ethmoid plate (ep). The hybridization signal reveals expression in dorsal and posterior elements, the palatoquadrate (Ix]), the pterygoid process of the palatoquadrate (pp) and the hyosymplectic (hs) cartilages of the mandibular and hyoid arches, respectively. Contact transcripts are also detected in the ventral element of the hyoid arch, the ceratohyal (ch). (B) Ventral view and close-up of the head of a 72 hpf old embryo. New sites of expression are detected in the viscerocranium, medially in the basihyal (bh) and laterally in the interhyal (ih) cartilages. Contact expression is also detected in the last six pharyngeal arches (ch 1-5) as two rows of cells surrounding each mesenchymal precartilaginous condensation of tile arches. A close-up (down and right) of the region squared in the discontinuing trait above corresponding to the hyoid arch shows that contact transcripts are absent from the differentiating cartilages themselves (c) but strongly detected in surrounding cells, the perichondrium (black dots). (C) Alcian Blue staining of a 4-day-old embryo. Staining in the viscerocranium shows the seven pharyngeal arches, i.e. the two jaw arches, the mandibular arch formed by the Meckel's cartilage (mc) and the palatoquadrate (pq), and the hyoid arch formed by the ceratohyal (ch) and the hyosymplectic (hs) cartilages and the five branchial arches (1-5). More dorsally and out of focus, the ethmoid plate (ep) and the trabeculae of the neurocranium are also labelled, n, neurocranium. to the recruitment of cells from the endogenous bud, rather than the appearance of new tissue to form the duplicated bud. In 72 hpf old control embryos, c o n t a c t transcripts were detected along the proximal margin of the pectoral fin bud mesenchyme (Fig. 6D) . In RA-treated embryos, an ectopic domain of contact transcripts was detected along the proximal mesenchyme, parallel to the endogenous domain but in a different plane along the dorso-ventral axis of the fin as noticed with Nomarsky optics (Fig. 6E) . In control embryos, shh transcripts are restricted to the posterior mesenchyme close to the ridge (Fig. 6F) . RA-treatment resulted in mirrorimage duplications of the shh pattern of expression in the anterior margin of the bud under the ridge (Fig. 6G) . We performed two independent experiments which showed that 92% (52, n = 57) and 60% (39, n = 65), respectively, of the RA-treated 3-day-old embryos exhibited the duplication of contact or shh expression domains. Duplicated pectoral fins, comparable to that presented in Fig. 6C , were obtained in 68% (14, n = 21 of 4-day-old embryos) of the RA-treated embryos in the first experiment. Partial fin duplications were also observed in most embryos from the second batch, easily recognized by a medial indentation of the fin distal tip and a medial thickening in the fin bud base (Fig. 6G) . Altogether, these results suggested that RA-treated buds had incorporated potential polarizing cells and had generated an ectopic polarizing region that in turn induced an ectopic contact expression.
Discussion
Branchial arches, like limb buds, are outgrowths from the body of the embryo. Contact expression pattern in both the forming head cartilages and the proximal pectoral fin blade, at a position corresponding to the putative scapulocoracoid, the pectoral girdle, seems to rely on the sequence of prechondrogenic condensations which involves a common mechanism of endochondral bone formation. The early contact phase of expression prefigures the initial mesenchymal precartilaginous condensation stage of some skeletal elements both in the head and in the pectoral fin buds. The late phase of expression is detected in fibrous cell layers that surround growing cartilages of the head and the differentiating scapulocoracoid cartilage in the fins.
The early phase of contact expression delineates mesenchymal condensations
Mesenchymal precartilaginous condensations appear in both the mandibular and hyoid arches near the beginning of the hatching period (50 hpf) and distinctive cartilages, ventral and dorsal elements, develop in each arch by the end of the period (72 hpf) (Kimmel et al., 1995) . Contact expression domain is restricted to a subset of forming elements of the head skeleton suggesting a putative role, in its early phase of expression, in segmentation events during head skeleton development. For instance, contact transcripts are not detected in the Meckel's cartilage. Interestingly, the Bmp-2 gene was reported to be expressed in the Meckel' s cartilage of mouse embryos (Kingsley, 1994) , underlying the putative concerted role of DVR genes in patterning the head skeleton.
Starting at 40 hpf, contact expression is detected in both the head and the pectoral fin buds in precartilaginous mesenchymal condensations. Thus, contact may be involved in de novo formation of skeletal condensations in fish, like BMP members which have been implicated in that mechanism in mammals (Kingsley, 1994) .
Expression in the pectoral fin buds
The scapulocoracoid of the fin apparatus originates as a single cartilage along the proximal margin (Sordino et al., 1995) . Comparison of Alcian Blue staining (data not shown) and contact in situ hybridization in 4-day-old embryos shows that contact expression domain in the proximal mesenchyme is similar to that stained with Alcian Blue (personal data). Before cartilage differentiation occurs, contact expression is already detected in the proximal mesenchyme of the fin buds (60 hpf, see Fig. 4C ). Thus, contact is expressed in mesenchymal prechondrogenic condensations as well as in differentiating cartilages of the pectoral girdle. Contact expression is thus closely linked to presumptive cartilage-forming lineage of fin mesenchymal cells and may be involved in the specification of proximal structures. Pectoral limbs are supported by the girdle; the scapular region is dorsal and the coracoid region is ventral that form the articulation of the limb with dorsal and ventral fin muscles. Contact may be involved in the formation of the coracoid as its expression is ventral. The expression of contact in cartilage forming regions both in the head and the fin strongly suggests that contact is a potent chondrogenic stimulus similarly to what has been reported for contactrelated members in the limb mesoderm in vitro (Roark and Greer, 1994) .
Regulation of contact expression in the pectoral fin bud 9yRA
RA plays a central role in the normal development of the limb; in chick, RA converts anterior cells into ZPA cells (Tabin, 1991) . We performed RA treatment on zebrafish embryos to examine its effect on both the expression of contact and shh, a proximal and a posterior marker, respectively, and the development of fins, believed to be the ancestors of the tetrapod limbs (Coates, 1995) .
For the first time, we show that RA treatment can induce the duplication of the pectoral fin bud rather than only hypomorphic fins (Akimenko and Ekker, 1995) . The duplication seems to be a mirror-image duplication as revealed by ectopic shh expression in the anterior margin, confirming the previous report of Akimenko and Ekker (1995) that cells in the anterior margin can incorporate potential polarizing cells and may generate an ectopic polarizing zone. Shh ectopic expression is limited to the cells located in the anterior margin under the AER suggesting that the AER is required for the maintenance of a functional ZPA as in tetrapods (Vogel and Tickle, 1993; Cohn and Tickle, 1996) . Furthermore, we found that activation of ectopic contact expression in response to RA treatment occurs along the proximal margin of the fin buds in a domain
